ABSTRACT. A method widely used for irrigation management determines crop evapotranspiration (ET
imited water availability due to the rising demand from urban growth and environmental restoration requires farmers in the western U.S. to apply irrigation water to crops more efficiently. A key feature for efficient irrigated crop management is scheduling the proper timing and applying the correct quantity of irrigation water. Scientific irrigation scheduling technologies have been available for several decades, and grower usage of these methods has increased recently in some irrigated regions (Leib et al., 2002) . However, as Howell (1996) suggested, significant advances in irrigation scheduling are needed to meet the limited water challenges facing growers today. Specific research priorities recommended include developing improved crop evapotranspiration (ET c ) estimation methods and capabilities to assess the spatial needs for water (Howell, 1996) .
Modern scientific irrigation scheduling, as practiced in the western U.S., combines ET c and irrigation data within soil water balance calculations of the crop root zone to determine the quantity and frequency of irrigation water applications (Martin and Gilley, 1993) . Various methods are used to estimate ET c , but the most popular and widely used technique relies on empirical crop coefficients (K c ) (Jensen and Allen, 2000) . In this methodology, described in detail by the Food and Agriculture Organization (FAO) of the UN, Paper 56 (FAO-56; Allen et al., 1998) , the evapotranspiration of a reference crop (a uniform, well-watered grass, or ET o ) is calculated from climatic data (solar radiation, air temperature, humidity, and wind speed) by the Penman-Monteith equation, and the ET c of all other crops is related as a proportion to this reference by K c . More precise estimates of ET c are needed for real-time irrigation scheduling and require separating the single K c into the transpiration and evaporation components of ET c (Allen et al., 1998) . The combined expression for calculating daily ET c is given as:
where the basal crop coefficient (K cb ) represents the transpiration portion of ET c , K e is the wet soil evaporation coeffi-L cient, K s is the water stress coefficient (K s < 1 when the available soil water is insufficient for full ET c , and K s = 1 when there is no soil water limitation on ET c ), and ET o is reference evapotranspiration. The procedures for determining the coefficients and calculation of equation 1, referred to as the dual crop coefficient procedures, are fully described in FAO-56 (Allen et al., 1998) . Ground-based weather station networks, such as the California Irrigation Management Information System (CIMIS; www.cimis.water.ca.gov/cimis) and the Arizona Meteorological Network (AZMET; www.ag.arizona.edu/azmet), have been established in many western U.S. states and around the world and provide daily ET o data in support of crop coefficient irrigation scheduling. Sets of empirical crop coefficients have been derived or estimated for many agricultural crops and are provided in many sources, e.g., Allen et al. (1998) . However, Doorenbos and Pruitt (1977) and Allen et al. (1998) have emphasized that these tabulated crop coefficients need localized adjustments and are specifically intended to only describe ET c for disease-free crops grown under standard management practices, having no growth and yield restrictions imposed by factors such as soil water or fertility limitations or high soil salinity. Standard application of crop coefficients requires the use of an independent parameter (or driver) to describe canopy development during the growing season. Primary parameters that are typically used in irrigation scheduling include the elapsed time from planting (Doorenbos and Pruitt, 1977; Allen et al., 1998) , percentage of time from planting to full cover and from full cover to harvest (Wright, 1982) , and accumulated growing degree days (GDD) from planting (Stegman, 1988) . However, even when crops are grown under excellent agronomic conditions, actual crop coefficient curves are subject to shifting along any of these indices from year to year. Profound shifts can occur particularly during early crop development when actual climate conditions vary from average or expected conditions (Bausch, 1995) . In Phoenix, Arizona, Hunsaker et al. (2002) demonstrated the need to carefully adjust time-based K cb curves during each cutting cycle of alfalfa to account for the changes in climatic conditions that occur during the year in that region. Variability in optimum K cb curves can also be increased when new or non-standard crop varieties are grown (Martin and Gilley, 1993) . Moreover, cropped fields, or portions within cropped fields, often deviate significantly from the optimum standard agronomic practice. In some cases, variations from standard conditions are forced due to the management strategy, such as imposing mild water stress to stimulate crop reproduction. On the other hand, there is an assortment of other cultural, managerial, and environmental factors that cause appreciable changes from normal crop development rates and hence crop coefficient curves. For example, Hunsaker et al. (2005a) reported that increasing or decreasing the planting density and fertilizer application rates for cotton significantly altered the seasonal patterns of K cb and water use during controlled experiments. At the field and farm-scale level, nonuniformity of applied water and nutrients, variability in soil water retention, occurrence of crop disease, and other environmental limitations can introduce considerable spatial and temporal variations in crop evapotranspiration. When a reduction or deviation from normal growth is caused by any of the various factors mentioned above, the crop coefficients should be adjusted. One of the most common approaches is to adjust the K cb in relation to observed growth. For example, Allen et al. (1996) suggest adjustments based on measured changes for leaf area index (LAI) or fractional crop cover relative to that for optimal vegetation. Such adjustments should provide reasonably good results since the basal crop coefficient value changes in proportion with the amount of actively transpiring canopy (Jensen et al., 1990) . However, for most commercial farming situations, adjusting K cb based on LAI or cover measurements is probably impractical due to the amount of manually collected data that are needed over large areas within a relatively narrow time-frame.
Remote sensing (RS) measurements could provide a practical way to obtain timely data needed to make appropriate adjustments for K cb (Pinter et al., 2003) . Over the years, remote sensing scientists have clearly established relationships between various multispectral vegetation indices (VIs), such as the normalized difference vegetation index (NDVI), derived from optical visible and near-infrared data, and various biophysical aspects of vegetation canopies, such as leaf area index (Moran et al., 1995) , crop yield (Plant et al., 2000) , and percent crop cover (Heilman et al., 1982) . Additional research has shown that the multispectral VIs can provide realtime surrogates of crop coefficients for a variety of crops (Bausch, 1995; Neale et al., 2003; Hunsaker et al., 2005a; Johnson and Scholasch, 2005) . Therefore, VIs obtained with remote sensing data potentially offer a means to infer in near real-time the spatial distribution of K cb across the landscape of a local field or on a broader farm-scale basis. Such information would greatly reduce the need to conduct laborintensive crop surveys to obtain appropriate crop coefficients. An increasing number of U.S. growers are already buying and using NDVI-based products to monitor spatial or temporal variations in plant vigor or stress; expansion of the remote sensing capability to irrigation scheduling would add significant value to this investment. Hunsaker et al. (2005b) developed a model for predicting the K cb of wheat from NDVI data. In the present research, an application of the wheat K cb model was implemented within the framework of the FAO-56 dual crop coefficient procedures to determine crop evapotranspiration for guiding irrigation scheduling in field experiments in central Arizona. The experiments, conducted during the 2003-2004 and 2004-2005 wheat seasons, included high and low levels of nitrogen application and three levels of wheat plant densities to achieve a wide range of crop growth conditions that may be potentially encountered on commercial fields. The primary objective of this research was to determine if the remote sensing-NDVI approach provided a significant improvement in K cb and ET c estimation compared to a "standard-optimal" K cb curve approach. A succeeding companion article (Hunsaker et al., 2007) evaluates the effects of the predicted irrigation scheduling on irrigation system performance, final grain yield, and water use efficiency.
METHODS AND MATERIALS EXPERIMENTAL SITE AND PREPLANT FIELD OPERATIONS
Wheat irrigation scheduling experiments were conducted for two growing seasons (December through May) in 2003-2004 and 2004-2005 B1  B2  B2  B2  B2  B1  B1  B1   B1  B1  B1  B1  B2  B2  B2  B2   B3  B3  B3  B3  B4  B4  B4  B4   B3  B3  B3  B3  B4  B4  B4  B4 Boardwalks Neutron access tubes fine-loamy, mixed, superactive, hyperthermic, Typic Natrargid). The volumetric soil water contents at field capacity (q FC ) and wilting point (q WP ) for the upper 1.0 m of the soil profile were determined to be 0.24 ±0.04 m 3 m -3 and 0.12Ă±0.01 m 3 m -3 , respectively (Post et al., 1988) . Prior to each experiment, the field site was laser-leveled to zero grade. On 8 December 2003, a preplant fertilizer application of 16:20:0 ammonium phosphate was uniformly incorporated into the soil surface at rates of 36 kg N ha -1 and 45 kg P ha -1 . Between the first and second wheat seasons, a sudangrass cover crop was grown during summer 2004 to remove available soil N and reduce field variability. Prior to the second wheat season, residual nutrient contents in the upper 0.3 m soil layer were determined in multiple composite samples to guide preplant soil fertility management for the second wheat study. On 21 December, a dry preplant fertilizer mixture was uniformly incorporated into the soil, providing nitrogen, phosphorous, and sulfur at the prescribed rates of 37 kg N ha -1 , 89 kg P ha -1 , and 444 kg S ha -1 , respectively. Sulfur was added to help reduce the soil pH.
TREATMENT STRUCTURE AND STATISTICAL DESIGN
Thirty-two treatment plots (each 11.2 × 21 m) were established in the field ( fig. 1 ) and assigned to 12 different experimental treatments (table 1) . The main treatment consisted of two K cb estimation methods designated as the FAO (F) treatment and the NDVI (N) treatment, each treatment consisting of 16 plots. Additional subtreatment variables, equally em- 
bedded within the two main treatments, were imposed to create differences in wheat growth and water use responses among plots during the season. Subtreatments included three plant densities designated as typical (T; 150 plants m -2 ), sparse (S; 75 plants m -2 ), and dense (D; 300 plants m -2 ), and two nitrogen fertilization levels designated as high (H) and low (L). The 12 subtreatments were assigned to plots within four equal-sized blocks (42 × 45 m) within the field site, each block consisting of eight plots ( fig. 1 ). The subtreatment plot locations were unchanged from the first to second wheat seasons. Within the FAO and NDVI main treatments, each of the three plant density levels contained an equal number of high and low N plot replicates. The typical (T) density subtreatments had four randomly assigned replicates (one in each block), whereas the dense (D) and sparse (S) subtreatments had only two replicates within each combination (table 1) . Sparse and dense subtreatment replicates were assigned at random to the remaining plots (i.e., after assigning the T plots) with the constraint that any subtreatment combination could not appear twice in the same block.
The statistical design was a complete random design with incomplete blocking. Experimental data for seasonal crop evapotranspiration, seasonal irrigation water applied, and final grain yield were analyzed using the General Linear Models (GLM) procedure of SAS (SAS, 1998) to determine statistical effects for main treatments, subtreatments, and interactions. Average percent sand content in the upper 1.2 m soil profile was determined for each plot using procedures described by Hunsaker et al. (2005a) . The average sand content was included as a covariate in the GLM analyses. The leastsignificant difference option of GLM was used to determine significant differences among means for K cb method, nitrogen level, and plant density.
WHEAT PLANTING, POST-PLANT OPERATIONS, AND CROP EMERGENCE
Hard red spring wheat (Triticum aestivum L., cv. Yecora Rojo) was planted with a 2.0 m wide Wintersteiger grain drill (Wintersteiger AG, Ried im Innkreis, Austria) in rows spaced 0.20 m apart, in a dry soil surface, on 10-12 December 2003 and 22 December 2004. Target densities for each subtreatment plot were achieved by separately planting a specified weight of wheat seed to individual plots. Border plots, located on the east and west sides of the field, and certain areas in the center of the field ( fig. 1 ) were planted to wheat at the typical density.
Neutron access tubes were then installed to a depth of 3.0Ăm in a central area of the plot at a distance approximately 1.0 m from the plot center ( fig. 1) . A 0.3 m long time-domain reflectometry (TDR) probe was installed 0.5 m away from the access tube. Irrigation border dikes were then formed on the four sides of each plot. Raised boardwalks on concrete blocks across the center of the plots provided non-destructive access ( fig. 1) .
Two gated pipe irrigation systems, 152 mm in diameter, were installed in the E-W direction extending the length of the field ( fig. 1 ). Irrigation water was controlled by an alfalfa valve located at the west end of each gated pipe system, and gated ports spaced 1.02 m along the pipe were used to control water delivery to individual plots. The irrigation volume for each irrigation event was measured with calibrated in-line propeller-type water meters placed at the head of each gated pipe system. Irrigation water was gravity-fed to the alfalfa valves from a nearby storage reservoir at MAC.
On 
WHEAT CANOPY REFLECTANCE MEASUREMENTS
Beginning at crop emergence, canopy reflectance factors were measured two to four times per week for all subtreatment plots (including FAO plots) until harvest (39 dates during 2003-2004, and 49 dates during 2004-2005) . Measurements were made using a 4-band Exotech hand-held radiometer (model BX-100, Exotech, Inc., Gaithersburg, Md.) equipped with 15° field-of-view optics, held in a nadir orientation, 1.5 to 2.0 m above the soil surface. Data were collected at a morning-time period corresponding to a nominal solar zenith angle of 57°. For each plot, 24 reflectance observations were averaged across a 6 m transect along the north edge of the final harvest area (south of boardwalks, fig.Ă1 ). Reflectance factors in the red (0.61 to 0.68 mm) and near-infrared (NIR, 0.79 to 0.89 mm) wavebands were computed as the ratio of target radiance to time-interpolated values of solar irradiance inferred from frequent measurements of a calibrated, 0.6 × 0.6 m, 99% Spectralon reference panel (Labsphere, Inc., North Sutton, N.H.). The NDVI was computed as:
Reflectance measurements obtained on days when there was cloud interference with the direct beam solar insolation or when soils were wet from irrigation or rainfall were not used in computations. The NDVI data for each plot were interpolated linearly, generating a daily NDVI curve up to the most recent acceptable measurement. A weighted linear regression model based on the four most recent NDVI measurements was used for projecting daily NDVI for days past the last measurement for irrigation scheduling.
FAO-56 DUAL CROP COEFFICIENT PROCEDURES AND COEFFICIENT ESTIMATES FOR TREATMENTS
Estimated daily ET c was calculated with equation 1 and related FAO-56 dual crop coefficient procedures using (1) a uniform K cb curve applied to all FAO subtreatment plots and (2) individual NDVI-based K cb for each NDVI subtreatment plot. Measured daily meteorological data, including solar radiation, air temperature, wind speed, humidity, and rainfall, were used to compute daily values for the grassreference evapotranspiration (ET o ) using the FAO-56 Penman-Monteith (P-M) equation (Allen et al., 1998) . The data were provided by a University of Arizona, AZMET weather station (Brown, 1989 ) that was located approximately 200 m from the field site. The weather station was centrally located within a large turf area isolated from large obstacles. The turf grass was kept under well-watered conditions and maintained between a height of 0.08 and 0.12 m. During the wheat seasons, an AZMET technician inspected the weather station to ensure it was operating properly. The wheat growing degree days (GDD) were calculated by the sine curve method (Brown, 1991) using upper and lower air temperature thresholds of 30°C and 4.4°C, respectively.
The K cb curve (denoted as the FAO K cb curve), applied uniformly to all FAO plots, was constructed following FAO-56 procedures, including K cb adjustments for the historical local climate and growth stage lengths developed locally for Yecora Rojo wheat based on data collected during three years of previous experimental studies at MAC (Hunsaker et al., 2005b) . The crop coefficients and expected lengths of the four wheat growth stages for the FAO K cb curve are provided in table 2. For the NDVI plots, separate daily K cb curves for each NDVI subtreatment plot were generated from NDVI data. A relationship that described K cb as a function of normalized NDVI (NDVI n ), also developed from the previous experiments at MAC (Hunsaker et al., 2005b) , was used to calculate K cb (table 2) . Normalizing the NDVI helps reduce the effects of different soil backgrounds on NDVI values prior to full ground cover. NDVI n is expressed as:
where NDVI n is the normalized NDVI, NDVI is the measured or interpolated daily value, and NDVI min and NDVI max are the minimum and maximum NDVI values for the crop, respectively. As applied in these experiments, NDVI min was estimated as the average NDVI measured for all plots at approximately 50% crop emergence. This time was chosen to define NDVI min since the vegetative signal was minimal and the soil surface conditions had stabilized (soil roughness changes between planting and emergence inducing slight changes in NDVI). A value of 0.927, estimated for full cover wheat by Hunsaker et al. (2005b) , was used for NDVI max .
Calculation of equation 1 required daily values of the soil evaporation coefficient (K e ), which were estimated using FAO-56 procedures. Soil parameters used in calculating K e were based on survey data for the soil type (table 3). All other soil and crop parameters required in the calculations (tableĂ3), with the exception of estimated crop height (h c ), followed various estimation procedures described in FAO-56. Crop height was estimated as a function of accumulated GDD, developed from weekly crop height measurements made during the previous wheat experiments with Yecora Rojo. A daily soil water balance of the surface soil layer (Z e ) subject to drying by evaporation was computed separately for each subtreatment plot, where the FAO-56 parameter estimation procedures were uniformly applied to all subtreatment plots (table 3). Note that canopy coverage (f c ) with the FAO-56 estimation technique employed was dependent upon the estimated K cb value. Consequently, f c values, and hence K e , were subject to considerable variability among NDVI subtreatment plots for a given day, since K cb estimation for NDVI plots were a function of the measured NDVI n during the experiment. This, of course, was not the case for Allen et al., 1998) [a] 0.55 is the baseline p value for wheat; the FAO-56 numerical approximation was used to adjust the baseline p value daily for variations in atmospheric conditions.
FAO subtreatment plots, since all FAO plots were estimated by the same K cb time-based curve. Calculation of equation 1 also required daily values of the water stress coefficient (K s ), which were estimated using FAO-56 procedures. Soil parameters used in calculating K s were based on survey data for the soil type (table 4). All other soil and crop parameters required in the calculations for K s (table 4) , with the exception of the effective crop root depth (Z r ), followed various estimation procedures described in FAO-56. Effective crop root depth was estimated as a function of accumulated GDD, developed using measurements of root biomass extension made during the previous wheat experiments with Yecora Rojo (Hunsaker et al., 2000) . A daily root zone water balance was computed separately for each plot to predict daily soil water depletion of the effective root zone (D r ). To initiate the root zone water balance, soil water depletion was estimated from volumetric soil water content (q v ) data for the plots made at the beginning of the seasons. Parameters D r and Z r (expressed in units of mm), when combined with field capacity and wilting point of the soil, determine the total available water (TAW). A soil depletion fraction (p), which is limited between 0.1 and 0.8, represents the fraction of TAW that can be depleted from the rooting depth before water stress occurs.
TREATMENT IRRIGATION SCHEDULING
For both years and all subtreatment plots, irrigations were scheduled for the day after D r from the soil water balance calculation exceeded 45% TAW of the effective rooting depth. The 45% of TAW was selected as an allowable soil water depletion percentage (SWD p ) expected to minimize crop water stress for all treatments. Calculation of SWD p for any day i was expressed as:
Irrigation amounts replaced 100% of the estimated D r at the time of irrigation, plus an additional 10% to account for the inefficiency of the irrigation system. For both seasons, all 16 FAO subtreatment plots were irrigated on the same days and with approximately equal amounts of water. For the NDVI treatment in both seasons, irrigations were scheduled individually for each of the NDVI subtreatment plots, on the day after the allowable SWD p was exceeded.
A regression model described by Hunsaker et al. (2000) was used to estimate the date of initial crop senescence for each plot. The estimated crop senescence date was then used to govern end-of-season irrigation scheduling for individual plots. The regression model used the measured NDVI data to estimate the biologically active fraction of absorbed photosynthetically active radiation (fA PAR* ). The date at which fA PAR* declined to 25% of the given plot's mid-season maximum was assumed as the initial senescence date for the plot. An end-of-season irrigation was given to a plot if its fA PAR* was above 25% of its mid-season maximum, or if its fA PAR* was 25% or less of its mid-season maximum, but its estimated SWD p was 30% or greater. The final irrigation protocol was determined individually for each NDVI subtreatment plot. However, for the FAO treatment, all subtreatment plots were irrigated when the criteria were met for three or more subtreatment plots.
TREATMENT NITROGEN MANAGEMENT
Following wheat establishment, nitrogen fertilizer was applied to subtreatment plots by injecting soluble urea ammonium nitrate (32% N) through the gated pipe system during irrigation. Calibrated injector pumps connected at the head end of the pipe systems were used to meter the fertilizer to the plot. The irrigation system was flushed with nonamended water after each plot's fertilization, to avoid contamination of the next plot. Nitrogen applications for the high N treatments followed locally recommended practices for wheat grown on sandy loam (Ottman and Pope, 2000) . The H treatment received a total of 205 kg N ha -1 and 224 kg N ha -1 during the 2003-2004 and 2004-2005 studies, respectively, which was applied in four split applications (table 5) . Nitrogen was purposely withheld from the low N treatment when the first application to the H treatment was made following emergence, and then the L treatment received half the amount applied to the H treatment during the three subsequent applications. Total N applied to L treatments after emergence was 74.5 and 84 kg N ha -1 during 2003-2004 and 2004-2005, respectively ( 
SUPPORTING MEASUREMENTS
Wheat canopy height (h c ) was obtained every 2 to 3 weeks using a meter stick to measure h c in six rows in each plot. Crop growth parameters including green leaf area index (GLAI) were determined from biweekly sampling of six plants per plot. The destructive sampling was made in the northern half of the plots within different areas that had been pre-assigned for each sampling date. The fraction of ground cover (f c ) for plots was determined photographically from analyses of weekly digital camera pictures taken 3.0 m directly overhead around solar noon for all plots. Data for f c were obtained by performing supervised classification using iterative self-organizing data analysis techniques (Tou and Gonzalez, 1974) and the Imagine 8.3 image-processing package (ERDAS, 1997).
Volumetric soil water contents (q v ) were measured in two ways: neutron probes (model 503, Campbell Pacific Nuclear, Martinez, Cal.) were used to measure the 0.3 to 2.9 m profile in 0.20 m increments, and time-domain reflectometry (TDR, Trase1, Soil-Moisture Equipment Corp., Santa Barbara, Cal.) was used for the shallow 0 to 0.3 m soil surface, where neutron probe accuracy decreases due to atmospheric losses. The neutron probes and TDR system were calibrated to the field soil with gravimetric soil samples, achieving volumetric soil water content accuracies of ±0.02 m 3 m -3 . The water content measurements were begun for all plots the day before the first post-planting irrigation in each season. Subsequent readings for plots occurred approximately weekly and included measurements made one day prior to or the morning before irrigation application and then two to four days after the irrigation. The measurements for all plots were made in morning hours between 0600 and 0900 hours. fig. 1 ). Grain yields were adjusted to 12% water content on a wet weight basis.
MEASURED CROP EVAPOTRANSPIRATION AND DERIVED BASAL CROP COEFFICIENTS
Field data were used to evaluate the performance of the crop coefficient and evapotranspiration estimation employed during the irrigation scheduling experiments. Soil water content measurements provided data to calculate ET c rates for each plot. The procedures used were identical to those described by Hunsaker et al. (2005a) . Briefly, ET c that occurred between each successive soil water content measurement made during the seasons was calculated as the residual of the soil water balance equation for the crop root zone. The calculations used measured irrigation volumes, rainfall, and soil water contents. An effective maximum rooting depth of 1.3Ăm was assumed for all plots based on measured soil water depletion patterns observed during the two seasons. Deep percolation following irrigation or heavy rainfall was estimated from soil water content data measured below the root zone, as described by Hunsaker et al. (2005a) . Soil water balance calculations of ET c were begun at 50% crop emergence for both seasons and continued through 14 May 2004 and 18ĂMay 2005, dates that corresponded to approximately complete crop senescence for the first and second experiments, respectively.
Statistical analyses were made to evaluate agreement between ET c estimated using the FAO-56 procedures and the water balance ET c determined for 23 to 25 successive intervals during the two seasons. Statistical evaluation parameters included the coefficient of determination (r 2 ), root mean square error (RMSE), mean absolute error (MAE; Legates and McCabe, 1999) , and mean absolute percent difference (MAPD; Kustas et al., 1999) .
Measured ET c was also used to derive K cb data for each of the 32 experimental plots for comparison with the estimated K cb used in the irrigation scheduling experiments. The derivation of K cb for the wheat plots followed the same procedures described by Hunsaker et al. (2005a) . Briefly, a K cb value was derived for each successive interval with backcalculations of the FAO-56 dual crop coefficient procedures and the "known" ET c determined from the soil water balance. Back-calculations of the FAO-56 dual crop coefficient procedures were employed to separate the soil water balance ET c into the basal and evaporation contributions, while considering the effects of water stress on the basal ET c . The parameter estimates used in the K cb derivations for determining the soil evaporation coefficients (K e ) and the water stress coefficients (K s ) for individual plots differed from those used during the experiments (tables 3 and 4), as noted below.
For the derivation of K cb , separate field capacity (q FC ) and wilting point (q WP ) values were used for each subtreatment plot, as determined for each plot in the previous cotton experiments at the site (Hunsaker et al., 2005a) . Based on the previous q FC and q WP data for the surface layer, resultant values of the calculated total evaporable water (TEW) varied from 18 to 22 mm over all plots. Based on the soil profile data for q FC and q WP obtained in the previous experiments with cotton, the average and standard deviation of the field capacity and wilting point for the 1.3 m crop root depth were computed as 306 ±20 mm (0.234 ±0.015 m 3 m -3 ) and 150 ±22 mm (0.115 ±0.016 m 3 m -3 ), respectively, and the calculated maximum total available water (TAW) for the profile averaged 159 ±12 mm over all plots. Also for the derivation of K cb , crop height (h c ) and vegetation cover (f c ) were based on measured values for each plot instead of the modeled values given in table 3. Daily values for both h c and f c were estimated by linear interpolation of measured values. The time course of measured GLAI, green plant cover determined photographically, and normalized NDVI (NDVI n ) derived from radiometer measurements are shown for The focus for the NDVI-K cb approach was to schedule irrigations to subtreatments by monitoring the crop water needs for individual plots. Consequently, NDVI subtreatments received variable amounts of seasonal irrigation water during both seasons, where seasonal irrigation depth increased considerably from sparse to dense plots within both N managements (10% to 23% over both years) and to a lesser extent from low N to high N plots (tables 7 and 8). The measured seasonal ET c for the NDVI treatment also generally increased from sparse to dense plots. For -2004 ET c was 14% and 17% higher for dense than sparse for low N and high N managements, respectively, whereas it was only 2% and 13% for 2004-2005, respectively. A primary result of different irrigation scheduling approaches was that mean I w for the NDVI treatment was significantly lower than that for the FAO irrigation treatment, 8% lower in 2003-2004, and 13% lower in 2004-2005 . The difference for seasonal irrigation applied water did not correspond to a significant difference in the measured seasonal ET c between NDVI and FAO treatments for [2003] [2004] , whereas mean seasonal ET c was about 5% lower for NDVI than FAO for the second season and the difference was significant at p < 0.05. However, the disparity in seasonal irrigation amount or crop water use between the FAO and NDVI treatment was not related to significant differences for final grain yield between the two K cb methods in either year (tables 7 and 8). The most significant effect on grain yield was nitrogen level, where the mean yield for the low N treatment was 
RESULTS AND DISCUSSION

GROWING SEASON CLIMATES AND EFFECTS ON CROP GROWTH
DERIVED AND PREDICTED K CB
The derived K cb values for FAO subtreatments for [2003] [2004] show the effects of plant density on K cb , particularly from about 20 to 60 days past emergence, DPE (figs. 4a and 4b, FAO-high N and FAO-low N subtreatments, respectively). The early season differences for derived K cb due to density correspond to the observed density differences for GLAI and canopy cover that also occurred during that period ( fig. 2) . The subtreatment K cb variations became smaller starting about 60 DPE as canopy cover levels begun to converge for all plant densities within each nitrogen management. Starting about 110 DPE, K cb values decline for all subtreatments coinciding with the reduction in green leaf area and the beginning of crop senescence. During the late season (110 to 133 DPE), some differences for K cb also oc- curred between subtreatments (e.g., fig. 4a ) as affected by variations in late season crop senescence rates. The effects of nitrogen management on the derived K cb trends can be observed by comparing figure 4a with figure 4b . By about 60ĂDPE, nutrient stress due to limited fertilizer for the low N subtreatments had begun to affect plant water use. At this point during the season, lower K cb values for low N compared to high N subtreatments were first apparent. The derived K cb for the low N subtreatments remained lower than those for the high N subtreatments during mid-season, and also generally declined (senesced) more rapidly than the high N subtreatments during the late season.
Considering the data of figure 4a , agreement between the single FAO K cb curve used to predict K cb and the derived K cb appears to be reasonable for all FAO high N subtreatments during [2003] [2004] . However, the FAO K cb curve did not predict the K cb trends well for low N subtreatments during much of the season ( fig. 4b) . Comparison of the predicted versus derived K cb for NDVI subtreatments of [2003] [2004] suggests that the NDVI approach improved K cb predictions over FAO under the high N management ( fig. 4c) , whereas it appeared to greatly improve predictions under low N management ( fig.Ă4d ). This point can be more effectively illustrated by comparing derived versus predicted K cb over all plots within each subtreatment condition ( fig. 5) . apparent for smaller derived K cb values, indicating poor agreement during the early and late periods of the growing season. For the mid-season period, derived K cb values widely fluctuated above and below the single FAO K cb prediction of 1.17. The best prediction agreement for the FAO subtreatments occurred for the FTH (typical-high N) and FSH (sparse-high N) subtreatments, whose resulting coefficients of determination (r 2 ) were 0.90 and 0.93, respectively. Compared with the FAO treatment, the data are more evenly distributed about the regression line for the NDVI subtreatments of 2003-2004 (figs. 5d, 5e , and 5f). For NDVI subtreatments, the r 2 values were 0.93 or better for all but the NSL (sparse-low N) subtreatment (r 2 = 0.89), suggesting that the NDVI-K cb estimation technique more aptly captured the differences in K cb associated with the various canopy development conditions throughout the entire season. The superiority of the NDVI-K cb estimation method was particularly evident for dense subtreatments ( fig. 5e vs. 5b). For 2004-2005, differences for derived K cb between typical, sparse, and dense plantings within the FAO treatment were particularly more pronounced than during the previous season ( fig.  6a and 6b for high and low N subtreatments, respectively). Unlike the 2003-2004 season, differences for K cb trends among plant densities within a given nitrogen level persisted well beyond the beginning of mid-season (60ĂDPE), eventually converging late in the season. As in 2003-2004, however, differences for K cb between the high and low N subtreatments became discernible after about 60ĂDPE. For all subtreatments, K cb values had begun to decline around 90 DPE, indicating initial crop senescence, which occurred about 20 days sooner than in the previous season.
The effects of climate and sub-optimal nitrogen management for 2004-2005 caused trends for derived K cb to depart considerably form the predicted FAO K cb curve. Consequently, all FAO subtreatments were more poorly described by the FAO K cb curve during the 2004-2005 growing season. During the early to mid-season period, the derived K cb were highly underestimated by the FAO K cb curve for dense and typical plant densities, although the FAO K cb curve reasonably described the K cb for sparse plant densities during this period. Typical and dense plots under high N ( fig. 6a ) attained maximum K cb values similar to the FAO curve from about 60 to 80 DPE, but the derived K cb then sharply declined beginning about 90 DPE, long before the FAO curve declined from maximum. The derived K cb for sparse-high N subtreatment and all low N subtreatments were substantially overestimated by the FAO K cb curve from about 60 DPE through the remainder of the season. By comparison, the NDVI approach showed good agreement between predicted and derived K cb for both high N ( fig. 6c) and low N (fig. 6d) subtreatments (r 2 = 0.88 to 0.93). This latter finding demonstrates a potentially significant aspect of the NDVI approach, i.e., that it can be a reliable estimator of K cb even when crop and climate conditions depart significantly from average conditions.
TREATMENT COMPARISON FOR EVAPOTRANSPIRATION PREDICTION
The expected end product of K cb estimation is reliable quantification of the actual crop evapotranspiration that occurs during the season. In the following analyses, the measured ET c , determined for 23 to 25 intervals during each season, is compared with the predicted ET c determined for the same intervals for each subtreatment (2003-2004 in fig.Ă8 and table 9, and 2004-2005 in fig. 9 and table 10) .
The ET c calculated from the single FAO K cb curve described measured ET c well for both FTH and FSH subtreatments during 2003-2004 (figs. 8a and 8c, respectively) . For both of these subtreatments, the predicted total seasonal ET c was within a few millimeters of the seasonal measured ET c (table 9). The mean absolute percent difference (MAPD) for the FSH subtreatment (10.7%) was the lowest among all subtreatments, whereas it was 13.6% for FTH (table 9). Although the resultant regression slope for the FDH subtreatment was near 1:1 ( fig. 8b ), the r 2 was poor (0.79) and the MAPD was high (22.2%), indicating that measured ET c for FDH was poorly predicted during the season. Moreover, the measured and predicted ET c did not agree well for any of the three low N subtreatments within FAO, where the MAPD were 21% to 25%, and the measured seasonal ET c was underestimated by about 50 mm (table 9) . However, as seen in figs. 8d to 8f and table 9, NDVI-based prediction of measured ET c for low N plots was improved considerably over FAO low N plots, where the r 2 for NTL, NDL, and NSL were 0.92 or higher, and the MAPD values were 15% to 16%. Values for the RMSE, MAE, MAPD, and r 2 indicate that the measured and predicted ET c was in better overall agreement for NDVI than FAO. Considering all subtreatments in the study, the mean MAPD was 5% lower for NDVI than for FAO (table 9), which was significant at p < 0.05.
The advantage of wheat ET c prediction for the NDVI method was more marked during the anomalous 2004-2005 season than during 2003-2004 ( fig. 9 and table 10 ). This was not because the NDVI predictions were better than they were during the previous season; rather, the performance of the FAO K cb curve was poorer. For example, the measured ET c for the FTH subtreatment was poorly described during [2004] [2005] , where the r 2 was only 0.81, and the regression slope fell well below 1:1 (fig. 9a) [2004] [2005] suggest that the NDVI method has the capability to account for such crop water use peculiarities that may arise during a given season. Furthermore, the NDVI approach was found to be a robust method, able to effectively estimate actual ET c for both optimum and sub-optimum crop growth conditions. [a] There was no difference in the estimated seasonal ET c for FAO subtreatments. [b] The subtreatment data was combined within both irrigation methods.
A general premise of this research is that accurate ET c estimation is essential for effective irrigation scheduling and efficient irrigation water use. Although a through examination of factors related to irrigation effectiveness is not presented in this article, these results would imply improved irrigation scheduling and higher water application efficiencies for the NDVI over the single K cb curve approach. However, more detailed evaluations on the effectiveness of the irrigation scheduling for the NDVI and FAO approaches are reported in the companion article (Hunsaker et al., 2007) . These evaluations address treatment irrigation scheduling effects on soil water status, irrigation performance parameters, and deep percolation, and their implications on yield and water use efficiency results.
NDVI DATA ACQUISITION
Ground sensors can allow detailed RS measurements at spatial scales from individual plants to portions of plots or fields, while airborne and satellite imagery can provide a synoptic view of entire fields and regions. With the increased availability of high-resolution imagery, within-field details may be resolved to provide information for subfield management of crop and soil variability. However, routine imagery acquisitions at frequent intervals, e.g., three-day intervals, necessary for the NDVI-K cb approach are either infeasible or operationally expensive. Retrieval frequency from satellite platforms is typically no better than 16 days under favorable conditions, while high-frequency imagery from airborne platforms is logistically challenging and costly. Two alternative RS approaches, however, may be able to overcome these problems, provided they are tested and verified in real-world agricultural settings. One approach collects remote sensing data along transects from small, uninhabited aerial vehicles (UAV). Equipment and deployment costs for UAVs can be comparatively low, while data quality has been found to be sufficiently good for vegetation index retrieval (Herwitz et al., 2004) . A second approach, possibly implemented in tandem with UAV remote sensing, collects radiometric image data from a network of fixed sensors. The fixed sensors can take continuous samples from strategically representative locations. Combining these approaches would potentially return an extremely valuable vegetation data set, not achieved elsewhere, at moderate costs.
CONCLUSIONS
One of the great challenges in crop coefficient estimation of evapotranspiration is determining coefficients that accurately reflect the actual crop development and water use. In this study, irrigation scheduling experiments were conducted for two years to evaluate and compare the prediction of wheat ET c using a locally developed time-based K cb curve and an NDVI-based crop coefficients determined from canopy reflectance. The following conclusions were obtained from the research:
S Wheat growth stage lengths and the maximum K cb values that define the time-based K cb curve were clearly changed when different plant density and nutrient managements were imposed. S A locally developed time-based K cb curve may provide close estimates of crop evapotranspiration for optimum conditions during one year, but may not in another year. S Appropriate real-time K cb adjustments that account for the variable conditions of wheat development and water use can be attained using the NDVI-based K cb . S When used in irrigation management, the NDVI-K cb method could provide the spatial crop water use information needed to adjust irrigation schedules for actual plant density conditions. This could potentially result in significantly lower irrigation water use, particularly for sparse wheat canopies or fields with less vigorous growth due to nutrient stress.
